Optimized experimental conditions of infrared p-polarized multiple-angle incidence resolution spectrometry (p-MAIRS) for the analysis of ultrathin films on glass have been explored. When the original MAIRS technique is employed for thinfilm analysis on a substrate of germanium or silicon, which exhibits a high refractive index, an established experimental condition without optimization can be adapted for the measurements. On the other hand, the p-MAIRS technique that has been developed for analysis on a low-refractive-index material requires, however, optimization of the experimental parameters for a 'quantitative' molecular orientation analysis. The optimization cannot be performed by considering only for optics in the spectrometer, but for optics concerning the substrate should also be considered. In the present study, an optimized condition for infrared p-MAIRS analysis on glass has been revealed, which can be used for quantitative molecular orientation analysis in ultrathin films on glass.
Introduction
Infrared spectroscopy is powerful for analyses of molecular interaction and orientation in thin films via analyses of band location and intensity, respectively. Infrared spectroscopic analysis of thin films on a glass substrate, however, has been a difficult subject in analytical chemistry, 1,2 since glass is a strong infrared absorbing material, which is not suitable for infrared transmission spectroscopy. Requirement for infrared analysis on glass has been, regardless, increasing in a recent decade, particularly after the rapid developments of the lab-on-a-chip technology [3] [4] [5] and liquid-crystal display technology. 6, 7 The simplest optical configuration of infrared spectrometry for molecular orientation analysis is found in the transmission technique, [8] [9] [10] in which an infrared ray is irradiated perpendicularly to the film, and the transmitted light is collected. When the films are deposited on an infraredtransparent material, such as CaF2, the in-plane orientation is readily analyzed by the infrared polarized transmission technique, which is easily performed by irradiating a linearly polarized ray along the in-plane (x-y) axes of the substrate.
When the film is deposited on glass, however, this configuration cannot be employed, because the transmittance below 2000 cm -1 is almost zero. 1, 2 In this case, the external-reflection (ER) technique [9] [10] [11] [12] [13] [14] [15] [16] [17] is useful in place of the transmission one, since reflection occurs no matter what wavenumber range is opaque for the transmittance. On glass, however, the reflectivity is very low, 2 especially for p-polarization, due to the low refractive index (ca. 1.53), which makes the sensitivity poor. In addition, the reflectivity varies a lot at around the strongly absorbing wavenumber region, and single-beam spectra of reflection measurements on glass have derivative-shape bands, which would degrade the absorbance spectra. In this manner, measurements of infrared spectra on glass are a difficult task.
Regardless, the transparent region of glass above 2000 cm -1 should be used fully, in which the C-H, N-H and O-H stretching vibration bands appear. Although transmission measurements of this limited region are an easy task, the spectra provide only surface-parallel modes, because the electric field of the incident infrared ray is parallel to the surface irrespective of the polarization. If molecular information along the surface-normal direction is necessary, one may employ reflection-absorption (RA) [8] [9] [10] 18 spectrometry, which has a complementary surfaceselection rule to the transmission one. The RA technique has, however, an intrinsic problem in that it requires a metallic surface. The different surface sometimes largely influences the film property. 19 For example, a film prepared from an aqueous polymer solution cannot be prepared on a metallic surface, since the relatively hydrophobic surface repels the solution, while the glass substrate is readily covered by the polymer solution. Therefore, it is ideal that both spectra of surface-parallel and -normal group vibrations should be obtained from an identical sample on glass.
For this purpose, the infrared multiple-angle incidence resolution spectrometry (MAIRS) technique has great potential. 20, 21 Infrared MAIRS was developed to simultaneously deduce two spectra from an identical thin film deposited on a transparent substrate, which correspond to the conventional transmission and RA spectra. In other words, MAIRS provides a way to directly analyze molecular orientation in the x-z (or y-z) plane on a nonmetallic surface, which cannot be performed by the conventional techniques. Although we have already demonstrated a variety of application studies by the use of infrared MAIRS, 21 they were all carried out by using a substrate with high refractive index, such as germanium and silicon. This experimental limitation is due to optical reasons in relation to the polarization 2 and optics 22 in the spectrometer. To make the best use of the MAIRS' potential, the issue of the refractive index of the substrate should be overcome; otherwise, a practically useful material, glass (n = 1.53), and one of the most useful infrared transparent substrates, CaF2 (n = 1.42), could not be used for infrared MAIRS analysis.
One of the reasons, the polarization issue, has recently been theorized, 2 and a way for overcoming the limitation has been proposed: s-polarization should be removed, so that the transmitted p-polarization ray would readily obey the advanced MAIRS formula based on a regression equation. In this manner, a fundamental basis of the new p-polarized MAIRS has been prepared. Regardless, we still have a problem for 'quantitative' molecular orientation analysis in thin films on a low refractive-index substrate. To do this, experimental optimization is necessary, based on trial-and-error operations as well as the theoretical approach. In the present study, the optimization has been done by exploring an appropriate range of the angle of incidence and the number of measurement angles, so that quantitative thin-film analysis on glass would be possible.
Experimental

Preparation of Langmuir-Blodgett films
Langmuir monolayers of cadmium stearate were prepared on a buffered aqueous subphase that contained cadmium chloride at a concentration of 3 × 10 -4 M by spreading a chloroform solution of stearic acid (molecular mass: 284.48) of 1.0 mg mL -1 . The pH of the subphase was fixed at 7.2 -7.3 by adding NaHCO3 (3 × 10 -4 M). The water was purified by a Millipore (Molsheim, France) Milli-Q Labo water purifier equipped with a micro filter (Millipak-40) having micro pores of 0.22 μm to remove any unexpected organic contaminants. The resistivity of the pure water was 18.3 MΩ cm, and the surface tension was 72.8 mN m -1 at 25˚C. The monolayer comprised 100% cadmium salt (acid free), which was guaranteed by the infrared spectrum of a collapsed film collected on the subphase, in which the C=O stretching vibration band at ca. 1700 cm -1 was silent. After the monolayer was compressed up to 30 mN m -1 , it was transferred onto a glass slide (26 × 76 × 1.0 mm 3 ) by the Langmuir-Blodgett technique at the surface pressure. 23 For the deposition of a 5-monolayer LB film, this procedure was repeated and the Y-type LB film 23 was fabricated with transfer ratios of 0.95 -1.08 for both dipping and withdrawing the substrate. The glass used for the substrate was a Matsunami (Osaka, Japan) S011110 slide glass.
Spectroscopic measurements
P-polarized infrared MAIRS measurements were performed on a Thermo-Fisher Scientific (Madison, WI) Nicolet 6700 FT-IR spectrometer equipped with a liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector with a modulation frequency of 60 kHz. The aperture was fully opened to make the multiply-reflected infrared rays (in the substrate) effectively lead to the detector. 22 The number of accumulations of singlebeam spectra was 2000 for each angle of incidence.
The collected single-beam spectra were subjected to a ppolarized MAIRS analysis, 2 calculated on MathWorks (Natick, MA) MATLAB ® Ver. 7.3.0.
Powder X-ray diffraction (PXRD) measurements of the LB film were performed under an ambient condition on a Rigaku (Toyko, Japan) RINT-2400 X-ray diffractometer with the reflection mode (parallel Cu Kα radiation, λ = 1.54184 Å; 2θ range, 3 -30˚; step size, 0.02˚; data collection time, 10 min) with a current of 100 mA under 40 kV.
Results and Discussion
A previous report 2 demonstrated that the p-polarized MAIRS technique can be used for obtaining infrared MAIRS spectra of thin films deposited on a low-refractive-index substrate. The demonstration was carried out by using a CaF2 substrate (n = 1.42) covered with an LB film of cadmium stearate.
After this demonstration, a similar measurement was performed on a glass substrate with a refractive index of 1.53. The analytical results by the p-polarized MAIRS technique are presented in Fig. 1 . The results are striking in that they are apparently abnormal, since the OP spectrum is extraordinarily stronger than the IP spectrum. If these spectra are true, the orientation angles of the symmetric and anti-symmetric CH2 stretching vibration (νs(CH2) and νa(CH2)) modes from the surface normal are calculated as 23˚ and 20˚, respectively, by use of Eq. (1).
Here, ϕ is the orientation angle, and AIP and AOP are band intensities of an identical band appearing in the IP and OP spectra, respectively. These orientation angles are, however, found to be nonsense when the hydrocarbon carbon chain is in a straight form with the trans-zigzag conformation, because the direction cosine represented by Eq. (2) holds. 12, 21, 24 cos 2 α + cos 2 β + cos 2 γ = 1.
Here, α and β correspond to the orientation angles of the νs(CH2) and νa(CH2) modes, respectively, and γ corresponds to the molecular tilt angle of the hydrocarbon chain. Since the band locations of the νs(CH2) and νa(CH2) modes are 2850 and 2917 cm -1 , respectively, which indicate that the hydrocarbon chain has the trans-zigzag conformation, 12 Eq. (2) must hold. Nonetheless, there is no appropriate γ when α and β are 23˚ and 20˚, respectively, since cos 2 α + cos 2 β is more than unity. This definitely suggests that the analytical results in Fig. 1 are incorrect.
In the LB film of cadmium stearate on glass, the molecules are known to have a nearly-perpendicular stance to the glass substrate, which is confirmed by the XRD analysis in Fig. 2 . The peak locations on the 2θ axis revealed that the bilayer long spacing of the LB film was 5.05 nm. According to Sugi et al., the bilayer spacing, d (nm), of a cadmium salt of an n-fatty acid is related to the number of carbons, n, with a constant, s: 25
The typical value of s for trans-zigzag alkyl chains is known to be 0.254 nm, which corresponds to the distance of the alternate carbon atoms. 25 In the present case, s is calculated to be 0.251 nm from the bilayer spacing (5.05 nm) and n = 18. The tilt angle of the molecule, θ, can be estimated by using these two s values:
The analytical result strongly suggests that the hydrocarbon chain has a near-perpendicular stance to the substrate, which denies the spectra in Fig. 1 , again. Therefore, in the C-H stretching vibration region (2700 -3100 cm -1 ), the OP spectrum must be much weaker than the IP one, because of the surface selection rule of MAIR spectrometry.
Of another note is that the anti-symmetric CH3 stretching vibration (νa(CH3)) band in the OP spectrum is located at 2954 cm -1 , which is the same position as that in the IP spectrum. When a molecule of metallic stearate is involved in an ordered monolayer, the νa(CH3) mode is known to split into the inskeleton and out-of-skeleton modes. 12, 26 In this situation, the two modes would give different components on the IP and OP spectra, which depend on the molecular tilt angle. Therefore, there is always a band shift between the band locations of the νa(CH3) mode in the two spectra. The appearance of the modes at the same location also supports that the spectra in Fig. 1 is incorrect.
To explore the cause of the analytical problem, MAIRS single-beam spectra are plotted in Fig. 3 , which correspond to sIP and sOP in both the sample and background measurements. 20, 21 In the figure, the IP spectra seem to have no problem, whereas the OP ones are obtained as negative spectra. Since a singlebeam spectrum exhibits intensity variations of a transmitted light ray, the negative sign of a single-beam spectrum is unreasonable, and the measurements are suggested to be done in an improper manner for the p-polarized MAIRS technique.
In a previous paper, 22 we have already revealed that a low refractive-index substrate gives rise to a severe analytical problem, even with the original MAIRS technique. This is because the multiple reflections in a low refractive-index substrate cause large shifts in the light path, which misses the detector, particularly when the angle of incidence is large. In the present case, the angle range of 45˚-10˚ (by 5˚ steps) may not match the refractive index of the glass substrate and the thickness of 1 mm.
To examine this speculation, the range of the angle of incidence has been changed to 34˚-13˚ by 3˚ steps. The number of angles for the p-MAIRS analysis is kept unchanged to be eight. By reducing the maximum angle from 45˚ to 34˚, the issue of the multiple reflections in the substrate was expected to be largely removed. The single-beam spectra with the new experimental condition are plotted in Fig. 4 . The IP 107 ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 Fig. 3 Single-beam spectra calculated by the p-MAIRS analysis with the collection of spectra measured from 45˚ through 10˚ by 5s teps, which correspond to the experiments presented in Fig. 1 . The solid and dotted curves represent the sample and background measurements, respectively. Fig. 4 Single-beam spectra calculated by the p-MAIRS analysis with the collection of spectra measured from 34˚ through 13˚ by 3s teps. The solid and dotted curves represent the sample and background measurements, respectively. spectra are almost the same as those in Fig. 3 , while the OP spectra are largely improved from negative to positive spectra. In this manner, the range of the angle of incidence has been found to be crucial for p-MAIRS on a low-refractive-index substrate.
The improved single-beam spectra encouraged us to have the p-polarized MAIR spectra, which are presented in Fig. 5 . The analytical results are greatly improved from those in Fig. 1 as expected. The OP spectrum is much less intense than the IP one, and the νa(CH3) mode in the OP spectrum appears at 2959 cm -1 , which is higher than the corresponding band in the IP spectrum. They still have, however, problems quantitatively. First, the band location of the νa(CH3) mode in the OP spectrum is not high enough (2959 cm -1 ). This band is generally found in a range of 2961 -2963 cm -1 for an organized monolayer film of a metallic stearate. Second, the νs(CH2) and νa(CH2) bands in the OP spectrum are still too large. With Eq. (1), the orientation angles of the νs(CH2) and νa(CH2) modes are calculated to be 69˚ and 68˚ from the surface normal, respectively, which implies that the molecular tilt angle is 31˚. The tilt angle is significantly larger than that obtained by XRD, 8.6˚. In other words, the spectra in Fig. 5 disagree with the XRD results. Therefore, another reason should be revealed for explaining the disagreement.
On closer inspection of the collected single-beam spectra (data not shown), the variation of the spacing between the spectra was not a monotonous change when the step of the angle of incidence was small, as can be seen in Fig. 2b in Ref. 2 . In a previous paper, 2 a monotonous decrease of the single-beam intensities was found to be necessary for MAIRS. In the conventional MAIRS analysis, we have employed a step of 5f or the sequential collection of single-beam spectra. For measurements of the spectra in Fig. 5 , however, the step was 3˚. Since the MAIRS technique requires precise measurements of absolute intensities of single-beam spectra at different angles of incidence, a minute angle step should be avoided.
With the discussion above, we have reached the conclusion that the three experimental conditions given below must be fulfilled to have quantitatively useful p-MAIR spectra: 1) the maximum angle of the angle range should be as low as possible to avoid the multiple-reflection issue; 22 but on the other hand, 2) the maximum angle should be as large as possible to precisely obtain molecular information along the OP direction. In addition, 3) the angle step should be as large as possible to make the measurements stable.
To fulfill these contrary conditions, we have finally found a good condition: the angle range is 38˚ through 8˚ by 6˚ steps. The infrared p-polarized MAIR spectra with the optimized condition are presented in Fig. 6 . In the OP spectrum, the methyl and methylene stretching vibration bands have comparable intensities, which is a common characteristic of the OP spectrum of an ordered LB film. In addition, the tilt angle is calculated to be 9˚ from the surface normal from the MAIR spectra, which is consistent with the results of XRD.
Conclusions
The present study has revealed that the most appropriate range of the angle of incidence for the p-polarized MAIRS on glass with a thickness of 1 mm is 6˚-38˚. The number of measurement angles can be varied, but the collection of six single-beam spectra has been found to be sufficient. With this experimental condition, infrared spectrroscopy has become possible to study ultra-thin films deposited on a glass substrate. This study shows, however, that another optimization is necessary for a substrate of another material (for example, CaF2) and different thickness, since the polarized technique greatly responds to a difference of the minute refractive index of the substrate due to matching with the spectrometer. With respect to this point, the original MAIRS with a high refractive-index substrate is robust to any variation of the samples, which is an advantage to the p-MAIRS technique. ANALYTICAL SCIENCES JANUARY 2008, VOL. 24 Fig. 5 Infrared p-MAIR spectra after the collection of single-beam spectra measured from 34˚ through 13˚ by 3˚ steps, which correspond to the results given in Fig. 4 . Fig. 6 Optimized infrared p-MAIR spectra after the collection of single-beam spectra measured from 38˚ through 8˚ by 6˚ steps.
